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Abstract  —  Aluminum-doped zinc oxide (AZO) thin films were 
deposited on glass substrates by ultrasonic spray pyrolysis, from 
metal salt precursors. The electrical and optical properties were 
investigated as a function of the deposition parameters and the 
optimum conditions were defined. The thin films exhibit ~80% 
transparency and a resistivity in the order of 2x10-2Ωcm. The 
electrical properties can be improved further with post-deposition 
annealing in vacuum, or with increase in thickness which causes 
insignificant transmission losses. AZO nanoparticles can be used 
as a seed layer and affect the optical properties of the material. 
The optimized process results in good quality AZO films for their 
application as the transparent conductive oxide (TCO) layer in 
thin film solar cells. 
Index Terms — aluminum doped zinc oxide, low cost, 
photovoltaic cells, solution processing, spray pyrolysis, thin film, 
transparent conducting oxide  
I. INTRODUCTION 
Thin film solar cells based on chalcogenide semiconductors 
such as CdTe and CIGS, are a promising alternative to 
crystalline silicon (c-Si) devices, due to lower material 
utilization which results in cost savings [1]. However, the 
manufacturing cost of thin film solar cells needs to be reduced 
further to be more competitive with c-Si. Conventionally, thin 
films of semiconductors are deposited using vacuum-based 
techniques, such as magnetron sputtering or evaporation. 
These vacuum deposition systems require high capital 
investment and the avoidance of these expensive techniques 
could further reduce the manufacturing costs of solar cells. 
Ultrasonic spray pyrolysis (USP) is a low cost, atmospheric 
deposition technique and it is a viable alternative process to 
vacuum based systems. As a solution-based method, it offers 
the potential of adjusting easily the precursor solution and 
deposition parameters, depending on the required material 
properties. USP is material-efficient and large-area scalable 
and it can be applied to the thin film solar cell fabrication, for 
the deposition of various layers including transparent 
conductive oxides (TCO), absorbers, or buffer layers.  
TCO films are used in an increasing number of 
optoelectronic devices, such as displays and smartphones, as 
well as solar cells. At present, the most commonly used TCO 
is tin-doped indium oxide (ITO), as it offers a combination of 
high transparency and a high electrical conductivity. However, 
indium is a rare element and as a result, there is increased 
interest in alternative TCO materials [2].  Zinc oxide (ZnO) is 
an alternative metal oxide and it is highly investigated because 
of its non-toxicity, high abundance and lower material cost. 
Various extrinsic dopants have been used for zinc oxide, such 
as gallium, aluminum and boron. Aluminum is one of the most 
commonly used dopants, resulting in high quality opto-
electronic properties for TCO applications [3]. Aside from 
these excellent characteristics, aluminum-doped zinc oxide 
(AZO) can be easily texturized, which is beneficial for some 
thin film solar cell applications, by enhancing light scattering 
and extending the optical paths of light in the device [4]. 
AZO is conventionally deposited by RF sputtering using 
high purity ZnO:Al2O3  targets, but it can also be deposited by 
a range of deposition techniques, such as MOCVD, sol–gel or 
spray pyrolysis [3]. 
Despite the fact that AZO is a cheaper alternative to ITO, 
the true low cost potential of AZO as a TCO material for solar 
cells can only be realized when it is combined with a low cost 
deposition method, such as spray pyrolysis. Consequently, the 
aim of this work is to deposit high quality AZO films by USP 
for their use in thin film solar cells.  
AZO thin films were deposited using USP, with varying 
deposition parameters. The process parameters investigated 
included the type of the precursor salts, solvent type, solution 
concentration, solution flow rate, substrate temperature, 
atomization power and carrier gas flow. Each process 
parameter affects a combination of material properties, such as 
the opto-electronic properties, or the crystalline quality. The 
optimized parameters result in material with sufficiently good 
quality for implementation in thin film solar cells. 
II. EXPERIMENTAL 
The ultrasonic spray system was placed in a self-contained 
enclosure, equipped with air extraction. A simplified diagram 
of the spray system is shown in Fig.1. The system consists of 
the spray nozzle, the precursor solution, a syringe pump for the 
liquid delivery, an ultrasonic generator and a substrate heater 
with a temperature controller. The heater is fixed on a table 
that is moved on the x axis, while the nozzle is moved on the y 
axis, to cover the entire area of the substrate. The x-y 
movement is controlled by using a stepper motor driver. The 
solution is first atomized and the formed droplets are 
transported to the substrate, which is placed on a heater at a 
controlled temperature. Nitrogen is used as the carrier gas, to 
 transport the droplets directly onto the substrate. The 
ultrasonic nozzle used in this work was purchased from 
Sonotek (NY, USA) and has an operating frequency of 
120kHz.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Schematic diagram of the spray setup with the main 
components. 
 
Solutions of metal salts, aluminum chloride and zinc acetate, 
were used as the precursors for AZO deposition. Both 
hydrated and anhydrous compounds were investigated, 
dissolved in methanol, water or a mixture of the two, with 
acetic acid as a stabilizing agent [5]. The concentration varied 
from 0.05 to 0.2M, to obtain the optimum deposition rate and 
material quality. Also, the doping ratio was varied from 0 
(intrinsic material) to 8%, by altering the atomic percent of 
aluminum relative to zinc.  
The material was deposited on clean 5cmx5cm soda lime 
glass substrates with 1mm thickness. The glass substrates were 
cleaned using a simplified “RCA Standard Clean” process, 
which is a wet chemical treatment, conventionally used for 
cleaning wafers in industry. The RCA process involves the 
immersion of the substrates in an alkaline mixture (water, 
hydrogen peroxide and ammonium hydroxide) and then in an 
acidic mixture (water, hydrogen peroxide and hydrochloric 
acid) in order to remove organic and inorganic contaminants 
from the surface [6]. Most of the substrates were cleaned using 
the RCA process, unless otherwise stated. In some cases, a 
plasma treatment was incorporated in the cleaning process. 
The AZO was deposited on clean bare glass, or on a glass 
substrate coated with AZO nanoparticles, serving as a seed 
layer.  
A large number of process parameters for the spraying 
conditions were optimized in parallel, in order to obtain good 
electronic and optical properties. The atomization power and 
the flow rate of the precursor solution and the carrier gas were 
varied to obtain a fine mist of droplets. The carrier gas flow 
rate varied from 5 to 10 liters per minute. Additional 
parameters, such as the distance between the nozzle and the 
heater and the deposition temperature were also optimized. 
Even though the optimization was based on as-deposited 
samples, a post-deposition annealing step in vacuum was used 
for some of the samples, with argon or with argon/hydrogen 
flow. For the application of a seed layer, AZO nanoparticles 
were spin coated on glass substrates, followed by a short 
drying step. Such a procedure has been used in a similar way 
previously, for an aqueous solution deposition approach for 
ZnO [7]. The AZO nanoparticles used here were synthetized 
by detonation of an emulsion containing Zn and Al metal 
precursors [8]. The AZO nanoparticles were supplied by 
Innovnano SA (Portugal). 
The surface morphology was analyzed using a Carl Zeiss 
1530 VP Field Emission Gun Scanning Electron Microscope. 
The grain size from the SEM images was measured offline 
using AxioVision software (release 4.9.1, Zeiss). A D2 phaser 
XRD by Bruker was used for the X-ray diffraction analysis. 
Electro-optical characterization has been carried out on as-
deposited and annealed AZO films using UV-Vis-NIR 
spectrophotometry, four point probe and Hall Effect 
measurements.  For the plasma cleaning, a Glen100-P AE 
Advanced Energy plasma treatment reactor was used, with 
20sccm O2/30sccm Ar plasma for 5min [9]. 
III. RESULTS 
A. Electrical Properties 
 The optimization process was focused on the electrical 
properties of the samples, as these change dramatically by 
altering each deposition parameter. On the contrary, most of 
the deposition parameters do not materially affect the optical 
properties in the visible, provided that the thickness, the nature 
of the substrate and the solvent used are the same.  
Initially, a sequence of depositions was carried out using 
arbitrarily defined process parameters, in order to obtain a 
practicable range for each parameter. Then, each parameter 
was varied, while keeping the remaining parameters constant, 
in order to analyse the effect on the film quality. 
For the optimization based on the sheet resistance values, a 
four-point probe was used. Hall effect measurements were also 
carried out to determine mobility, carrier concentration and 
resistivity. An example of the optimization process for one of 
the parameters is shown in Fig. 2. For the depositions, the 
same volume of solution was used to deposit similar 
thicknesses of ~250-300nm. This thickness was used to speed 
up and simplify the optimisation process. However, thicker 
films show improved electrical properties due to the higher 
carrier concentration and the increased grain growth, which 
result in improved material quality. The following section 
 
 describes the optimization of some of the deposition 
parameters. 
Atomization power: A narrow range of input power (1.3-
1.4W) to the spray head is ideal for the formation of a fine, 
low viscosity mist. The atomization of the drops is inefficient 
at lower power, while higher power leads to droplet cavitation 
within the nozzle. The partly atomized drops (low power input) 
and the cavitation bubbles (excessive power input) can both 
result in poor surface quality and deterioration in the film 
electrical properties. 
Doping level: The optimum doping ratio for this process was 
found to be 2%. Although the conductivity is increased by 
increasing the doping, there is a limit on the doping level, as 
excess doping leads to saturation in the crystal grains and grain 
boundaries. Films with excessive doping levels tend to have an 
increased ionized impurity scattering, which limits the carrier 
transport in the material [10]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Example of the optimization based on the resistivity values. 
The samples have a comparable thickness of 250-300nm. 
 
Carrier Gas Flow: High flow rates of carrier gas result in the 
cooling of the heated substrate and thus the incomplete 
pyrolysis of the precursors. Conversely, low flow rates do not 
deliver the droplets efficiently to the substrate surface and as a 
result, the deposition rate is reduced. An optimum rate of 6 
litres per minute (LPM) was determined. 
Precursor flow rate: High flow rates result in bigger droplets 
and therefore thicker films and lower sheet resistance. Very 
high flow rates however, result to incomplete atomization and 
a low quality material, with the non-atomized droplets forming 
separate domains on the surface and causing inhibited carrier 
transport. 
Temperature: High deposition temperatures compensate the 
cooling effect from the carrier gas and result in more 
conductive films. However, at very high temperatures (>500°C) 
there is rapid solvent evaporation inside the spray head which 
causes the nozzle to be clogged. 
Annealing: The sheet resistance of the films is significantly 
decreased by annealing due to improved crystal quality. By 
vacuum annealing, some adsorbed oxygen is removed from the 
as-deposited film, present due to the deposition occurring in an 
oxygen containing atmosphere [11] and therefore annealing 
increases the conductivity of the films. This improvement is 
more pronounced for annealing in an hydrogen ambient, as 
hydrogen can reduce the excess oxygen species. 
Other parameters: The effect of the type of the precursor, the 
solvent mixture and different deposition temperatures was also 
investigated. The addition of a small amount of water (5% v/v) 
for the same precursor types and concentrations, results in 
much more resistive films. Water has a higher surface tension 
than  methanol, which results in bigger droplets and  poor film 
quality [12]. Additionally, it can be related to the presence of 
hydrated zinc species and the presence of excess amount of 
oxygen in the film. 
The use of anhydrous compounds compared to hydrated 
compounds dissolved in the same solvent mixture, results in 
more resistive films at low deposition temperatures. However, 
the sheet resistance values for hydrated and anhydrous 
compounds are comparable at higher deposition temperatures 
or after annealing in a reducing atmosphere. The improvement 
in conductivity with annealing is more pronounced at low 
deposition temperatures, in which case there is a more obvious 
change in the crystal quality. The effects of the annealing 
treatment, type of precursor, solvent combination and 
deposition temperature are shown in Fig. 3. A constant volume 
of precursor (20.4ml) was used for the depositions in order to 
deposit a comparable thickness. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.  The effects of the type of precursor, solvent and deposition 
temperature on the sheet resistance. Solid lines: as deposited samples, 
dotted lines: annealed samples. 
 
B. Optical Properties 
The optical properties and specifically the transmittance did 
not vary significantly with the variation of the deposition 
 
 parameters but were indirectly associated with the parameters 
that affect the thickness of the samples. Therefore, the 
optimization process was focused on the electrical properties. 
However, some additional adjustments of the AZO deposition 
procedure were found to affect the optical properties of the 
material. In particular, it was found that the use of 
nanoparticles as a seed layer and the incorporation of a plasma 
treatment step for substrate cleaning, had a dramatic effect on 
the optical properties. 
AZO nanoparticles were deposited as a seed layer for 
sprayed AZO, using spin coating. The use of a seed layer was 
proven to be essential for layer nucleation using an aqueous 
solution deposition approach, presented in a recent study [7]. 
Intrinsic zinc oxide was sputtered as a seed layer for AZO, 
which when was incorporated in a CIGS solar cell, where a 
device efficiency of 14.7% was achieved [7]. In this study, we 
have used spin coating for the preparation of a seed layer to 
eliminate the vacuum processing step. The implementation of 
nanoparticles as a seed layer results in increased transmission, 
compared to a sample deposited directly on glass, with a 
comparable thickness. Also, the absence of interference fringes 
is an indication of a rough surface [13]. Textured TCOs can be 
beneficial in certain thin film applications, such as thin CIGS 
solar cells [4] or amorphous silicon solar cells [14].   
For some depositions, a plasma treatment was performed for 
the substrate cleaning, prior to the TCO deposition. Similarly 
with the seeded AZO sample, the transmittance is higher than 
expected for a conventionally cleaned substrate. Also, the 
interference fringes are suppressed to some extent (but are still 
evident) which indicates that the surface is rough.  
Fig. 4 shows the transmittance and reflectance spectra from a 
sample deposited on bare glass (a), a sample deposited on a 
seed layer comprised of nanoparticles (b) and a sample 
deposited on a substrate which was plasma treated (c). All 
three samples were deposited using the optimum parameters, 
that were defined according to the electrical properties, as 
analyzed in section III(A). The effect of each treatment on the 
optical properties of AZO, allows us to adjust the transmission, 
surface roughness and mobility by controlling the pre-
treatment of the substrate; either by incorporating a seed layer 
for the layer nucleation, or by plasma treatment. This requires 
more investigation and will be carried out in future work. 
All the sprayed films have high transmission in the visible 
wavelength range, with an average transmission of 78% and 
82% for the 1.8μm and 1.2μm thick films, respectively. The 
transmittance can be improved further by altering the pre-
treatment of the substrate. 
The optical band gap was determined using Tauc plots, by 
taking into account the transmission and reflection spectra. 
The band gap of the material is estimated to be 3.32eV, which 
corresponds to the band gap of zinc oxide [15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.  Transmission and reflection spectra of three films; (a): 
AZO on bare glass, (b): AZO grown on a seed layer, (c): AZO on 
plasma cleaned sample. 
 
C. Structural Properties 
The XRD pattern of an as-deposited sample on glass is 
shown in Figure 5. This pattern verifies the hexagonal 
structure of the zinc oxide, according to the ICDD reference 
pattern (00-036-1451).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.  XRD pattern of AZO, deposited on glass. The peaks 
correspond to the hexagonal structured zinc oxide (ICDD 00-036-
1451).  
 
The SEM images of the optimized sample surface deposited 
on bare glass are shown in Fig. 6. The material is 
polycrystalline, comprised of grains ~310nm in size. The SEM 
images of a sample surface of a film grown on a seed layer are 
also shown in Fig.5 for comparison. The films have a 
comparable thickness, 1800 and 1920nm respectively for the 
film on bare glass and the seeded sample. These images show 
that the nucleation is significantly affected by the seed layer, 
with the surface morphology of the nanoparticle seed layer 
retained to the film surface. Large coalesced grains are present 
1.5-2µm in size, which are comprised of smaller grains of 200-
290nm size. There is a clear increase in surface roughness 
 
 
 visible in the films incorporating a seed layer, which was also 
evident from the optical transmission spectra in Fig.4.  
The electrical properties of the films deposited using the 
optimum conditions, are given in Table 1. There is a decrease 
in the resistivity and an increase in the carrier concentration 
with thickness and with annealing treatment (Ar/H2 in vacuum, 
400°C or Ar, 500°C). Also, there is increased mobility for the 
AZO film deposited on the nanoparticle seed layer, compared 
to the as-deposited films on bare glass for a similar thickness. 
This is due to the more pronounced crystal growth for the 
nanoparticle seeded substrates. More analysis and further 
optimization of the process is required to control the mobility, 
transmittance and resistivity of the film. However, it has been 
demonstrated that the nanoparticle seed layer is a useful 
process in the sprayed AZO process for adjusting the film 
properties.  
 
 
Fig.6.  SEM images of two AZO films for comparison. 1(a, b): 
AZO on bare glass, 2(a, b): AZO on a nanoparticle seed layer. 
III. CONCLUSIONS 
The development of low cost deposition techniques such as 
spray pyrolysis is challenging, as there are a large number of 
parameters that can affect the thin film properties. However, 
by fully optimizing the spray deposition process, AZO layers 
with good electronic and optical properties have been 
deposited. AZO films deposited using this low cost 
atmospheric process have the potential for use as the 
transparent conducting layer in thin film solar cells. 
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